found in a chimeric atp6 / atp9 region of CMS-C (Dewey et al., 1991). A repeated mtDNA region 'R', containing terized by molecular means (Sisco et al., 1985).
tion fragment length polymorphism) or PCR-based to be a rapid, inexpensive, and reliable procedure for the molecular markers, than by the traditional test-crossing procedure.
classification of male sterile maize cytoplasm to the three major cateUnfortunately, RFLP analysis is too time consuming to gories T, C, and S.
be applied routinely in breeding programs. Recently, PCR-based markers have been suggested to be a rapid and definitive identification of the cytoplasm of individ-C ytoplasmic male sterility has been identified and ual plants (Nakajima et al., 1999; Sato, 1998 ; Alcala et characterized in many crop species and has been al., 1997). To our knowledge, no work has been done used successfully for the commercial production of hyon the detection of the major types of maize cytoplasm brid seed (Kaul, 1988) . Maize has three major types by PCR. On the basis of the available chimeric mtDNA of male-sterile cytoplasm: CMS-T (Texas), CMS-S sequences specific for the various male-sterile cyto-(USDA) (Duvick, 1965) , and CMS-C (Charrua) (Beckplasm, a single-seed multiplex PCR approach was develett, 1971 ). CMS-T was widely used in the maize seed oped for a rapid and reliable identification of CMS types industry prior to 1970s but its use has been greatly rein maize breeding programs. duced because it confers susceptibility to Bipolaris maydis (Nisikado & Miyake) Shoemaker (ϭ Helminthosporium maydis Nisikado & Miyake) (Ullstrup, MATERIALS AND METHODS 1972). As a consequence, mainly C-and S-type cytoPlant Material plasm is used as sterility source for the production of CMS and fertile maize inbred lines with known types of maize hybrid seed today. Therefore, a procedure to cytoplasm (N, T, C, and S) were obtained from seed stock determine reliably the type of cytoplasm in the breeding centers in the USA and France (Table 1) . Furthermore, 73 material could be useful.
fully male-sterile inbred lines were obtained from the Cornell Tester lines containing nuclear Rf (restorer of fertilCyto-Stock collection maintained at the Maize Genetics Coity) genes are traditionally used to determine and clasoperation Stock Center, University of Illinois, Urbana, IL sify the CMS types (Beckett, 1971) and still, test crossing (Table 2 ). The cytoplasm of most of these lines belonged to is the most conclusive method for categorizing maize previously described subtypes of T, C, or S (Beckett, 1971;  cytoplasm. However, the test-crossing procedure is time Sisco et al., 1985 
When no PCR product was obtained, the material was classified
The structural differences between the mtDNAs of the steras male fertile N cytoplasm.
ile cytoplasm types and the mtDNA from normal cytoplasm do not allow the construction of primers amplifying a specific CMSCR), and CMS-S (CMSSF ϩ CMSSR) were evalument was amplified in lines with N-type cytoplasm, regardless of whether the common NB type was used (e.g., ated separately with isolated mtDNA, total leaf DNA, and total seed DNA of the inbred line B37 with four from B37) or the less frequent NA type which is found in the inbred line A188 (Fauron et al., 1995) . On the different types of cytoplasm (N, T, C, and S). No primer pairs amplified fragments from the DNAs of mitochonother hand, 398-, 440-, and 799-bp DNA fragments were detected in lines with C-, T-, and S-type cytoplasms, dria, total leafs, and seeds of B37 with N-type cytoplasm. As designed, the primer set CMSTF and CMSTR respectively. The PCR results were in full agreement with the histories of all tested lines from different yielded only a 440-bp DNA fragment in B37 with T-type cytoplasm, while the primer sets CMSCF and CMSCR, sources (Table 1) . Furthermore, three DNA fragments of the same sizes as those above were detected in one CMSSF, and CMSSR yielded unique 398-and 799-bp DNA fragments in B37 with C-and S-type cytoplasms, reaction when mixed DNA (T ϩ C ϩ S) was used as template (data not shown). respectively (Fig. 2) . No differences in the PCR amplification was observed when either mtDNA, total leaf
Classification of Sterile Cytoplasm Types
DNA, or seed DNA was used as template.
Following the single-seed multiplex PCR procedure,
Single-Seed Multiplex PCR
the cytoplasm of 73 sterile inbred lines from the Cornell A multiplex PCR assay combining all three sets of Cyto-Stock collection (Table 2) were investigated. All primers in a single reaction was applied to total seed recorded C-, S-, and T-type cytoplasms in the collection DNA from a large set of inbred lines with known cytowere confirmed by the PCR. All other cytoplasms, replasm and genetic background. All four different types corded with different nomenclature, could be categoof cytoplasm could be clearly identified. No DNA fragrized clearly into one of the three major male sterile cytoplasm types (Table 2) .
DISCUSSION
Besides the traditional test-crossing procedure, biochemical and molecular protocols have been used for the discrimination of cytoplasm types in maize. These methods are still labor intensive, mainly because they require highly purified mitochondrial DNA. RFLP markers provide reliable means for the molecular characterization of N-, C-, T-, and S-type cytoplasm types in maize. The mtDNA probes specific for the corresponding cytoplasm can be used to distinguish each of the types of male-sterile cytoplasm in Southern hybridization. A single CMS-C mtDNA probe (pZmCE.510) was reported to reveal the differences among all four cytoplasm types in maize (Dewey and Korth, 1994) . However, RFLP analysis is expensive and time consuming and, for these reasons, not suitable for routine applications in breeding programs. On the other hand, PCRbased markers provide breeders with a quick and simple serve to test the purity of seed material.
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